sites. In addition, 1 mM intracellular EGTA reduces oxidant inhibition. However, once the effects of oxidants are installed they cannot be reversed by either MgATP or EGTA. These results have significant implications regarding the role of the Na ϩ /Ca 2ϩ exchanger in response to pathological conditions leading to tissue ischemia-reperfusion and anoxia/reoxygenation; they concur with a marked reduction in ATP concentration, an increase in oxidant production, and a rise in intracellular Ca 2ϩ concentration that seems to be the main factor responsible for cell damage. cell injury and metabolism; membrane transport; Na ϩ /Ca 2ϩ exchange regulation; squid nerve; intracellular Ca 2ϩ THE Na ϩ /Ca 2ϩ EXCHANGER is a major mechanism for Ca 2ϩ clearance from cells involved in several processes including cardiac relaxation and neurosecretion (2, 4, 10, 20) . It is also considered crucial for the development of physiopathological conditions such as arterial hypertension and ischemia-reperfusion syndrome in heart and brain (3, 8, 13, 27, (31) (32) (33) 43 ). This exchanger is highly regulated by transported and nontransported intracellular ions as well as by the metabolic state of the cell (ATP levels among them) (4, 10) ; most of these processes occur at the large intracellular loop of the exchanger protein (6, 16, 19, 28) .
Cells must bear a variety of stressing situations. One widely known, inducing cell stress and even death, is the overproduction of free radical molecules; these damage several chain reactions, involving lipids, proteins, enzymes, carbohydrates, DNA, plasma and nuclear membranes. Ischemia-reperfusion syndrome is a classic case. Early work suggested that ischemia-reperfusion and radiation injuries occur through species such as H 2 O 2 ,·O, and·OH, with an increased peroxidation of membrane lipids. It is now known that the free radical *NO can also participate as a cytotoxic molecule when produced at high rates. Much of the *NO-mediated pathogenicity depends on the formation of secondary intermediates such as peroxynitrite (ONOO Ϫ ) and nitrogen oxide (*NO 2 ). The formation of these reactive species requires the presence of oxidants such as superoxide radicals (O 2 ·Ϫ ) and hydrogen peroxide (H 2 O 2 ). Peroxynitrite is a strong oxidant and can directly produce the oxidation of protein cysteines to thiol radicals and sulfenic acid (37, 38) . Protein cysteine oxidation by peroxynitrite causes the inhibition of sarcoplasmic reticulum Ca 2ϩ -ATPase (32, 33) . Several of the toxic effects of *NO are thought to be mediated by peroxynitrite, not only by oxidizing protein sulfhydryl groups but also by acting on tyrosine protein residues by producing nitro tyrosine. That, in turn, deteriorates membrane functions and also the function of membrane-bound enzymes. Furthermore, it has been reported that the nitration of tyrosine close to the catalytic site center can in part account for the inhibition of several enzymes by peroxynitrite (17, 22-24, 29, 30, 39, 49) . Since peroxynitrite has a very short life, a peroxynitrite buffer, SIN-1 (3 morpholinosydnoneimide), is now used to achieve stable peroxynitrite concentrations in the dialysis solutions (49) .
Our integrated model of ionic and metabolic regulation of the squid Na ϩ /Ca 2ϩ exchanger (10) pump component of Ca 2ϩ efflux and the Na ϩ /K ϩ pump were eliminated by adding 200 M vanadate to the dialysis media. To stop any endogenous production of ATP, 1 mM NaCN was always present in the external solutions. In all cases, each axon served as its own control, since steady-state fluxes were measured before and after a given experimental condition. The modes of operation of the Na ϩ / Ca 2ϩ exchanger explored were the following: Na i-dependent Na ϩ /Na ϩ exchange. Two oxidant compounds were used: peroxynitrite and H2O2 (39, 49) . Peroxynitrite is a short-lived chemical in the buffered solutions used in culture cells, with a decomposition rate of 1.62 s Ϫ1 . Thus, much of the peroxynitrite added during an experiment decomposes so rapidly that its apparent efficiency is much lower than that expected under conditions where it is released smoothly, as would occur in vivo (49) . For this reason we used the SIN-1 compound. This molecule decomposes slowly, releasing nitric oxide and superoxide anion (36, 49) which, upon their reaction, form peroxynitrite, thus offering clear advantages over synthetic peroxynitrite for carrying out this type of studies. Actually, it has been shown that, with this approach, the effects of peroxynitrite can last from 30 min to 2 h. For instance, time-dependent inhibition of S1-MgATPase activity by SIN-1 (39) indicates that, with 100 M SIN-1, peroxynitrite concentration will reach 80% of its final concentration (110 M) in ϳ2 h at 25°C at pH 8.5. Therefore, for experiments at normal pH i, the intracellular dialysis solutions with the Tris-MOPS buffer at pH 8.5 were preincubated at 25°C for 2 h with 10 mM SIN-1. Before the actual dialysis began, one volume of that solution was mixed with nine volumes of a dialysis solution free of SIN-1 at pH 7.1, which resulted in a final pH of 7.3 and a SIN-1 concentration of 1 mM. The intracellular dialysis technique in the squid axon preparation makes it possible to explore whether these oxidants act at the intracellular regulatory loop of the Na ϩ /Ca 2ϩ exchanger and/or at the intracellular Ca 2ϩ -and Na ϩ -transporting sites. NaCl, MgCl2, and CaCl2 were from Fisher Scientific; all other reagents were from Sigma (St. Louis, MO). Figure 2 , A and B, shows that 3 mM H 2 O 2 is inhibitory and that inhibition increases dramatically in the absence of EGTA in the dialysis solution. On average, in three different axons, it went from 32 Ϯ 4% with the chelating agent to 89 Ϯ 3% without the chelating agent.
RESULTS

The effect of peroxynitrite on external Na-dependent
In (25, 41, 42, 45, 46) . Actually, phenanthroline has already been used in studies of redox modifications of Na ϩ /Ca 2ϩ exchange activity in mammalian heart sarcolemmal vesicles (41) .
One of the experiments performed for that purpose is illustrated in Fig. 3 . In this case, the oxidant was H 2 O 2 at 3 mM concentration, and the concentration of phenanthroline was 100 M. As Fig. 3 shows, the magnitude of inhibition fell within the range of those seen under similar conditions without phenanthroline, as in Figs. 1B and 2B and in Fig. 5, A Note the large reduction in the forward Na ϩ /Ca 2ϩ exchange flux, which in this axon amounted to ϳ90%, whereas three different experiments gave an average of 89 Ϯ 3%. 
/Ca
2ϩ exchange, confirming that MgATP has a protective role also against inhibition by H 2 O 2 . Similar results were seen in another two axons. Possible allosteric effects due to the nucleotide structure were tested by using the nonhydrolyzable analog AMP-PCP; this compound failed to protect against oxidant inhibition, indicating that phosphorylation is involved (not shown). MgATP stimulation of the squid nerve Na ϩ /Ca 2ϩ exchanger takes place only by protecting the Ca 2ϩ i -regulatory site against H ϩ and (H ϩ ϩ Na ϩ ) inhibition (1, 9, 12) . Internal alkalinization plays an identical role; actually, at pH above 8, MgATP has no influence on the exchanger. The possibility that internal alkalinization also protects against oxidant inhibition was explored in experiments such as that illustrated by Fig. 4C solution containing ϳabout 5 M Ca 2ϩ , 30 mM Na ϩ at pH 7.3, and no EGTA. Figure 5A shows that 3 mM H 2 O 2 causes the expected large inhibition of Ca 2ϩ efflux, while addition of 1 mM EGTA is unable to reverse it or even prevent an increase of that inhibition as time elapses. Figure 5B shows i -regulatory sites, the following protocols were used: axons not containing ATP were predialyzed for 1 h to deplete the nucleotide; axons containing ATP were predialyzed for 1 h with 3 mM MgATP; another hour of predialysis followed and 1 mM SIN-1 was included in the axons where the oxidant effect was tested. On the basis that, oxidant effects are not reversed by EGTA (Fig. 5) , SIN-1 (peroxynitrite) was applied without chelating, while the actual Ca 2ϩ stimulation of Na ϩ /Na ϩ exchange was investigated in the presence of 200 M EGTA. The Na ϩ /Na ϩ exchange fluxes not related to the Na ϩ /Ca 2ϩ exchanger were obtained by temporary removal of external Na ϩ before addition of the indicated [Ca 2ϩ ] i . The results are illustrated in Fig. 6 where the points correspond to experimental data and the lines through them correspond to a simultaneous best fit to Michaelian functions. They show that 1) in the absence of SIN-1 and MgATP (filled circles), the K m for Ca 2ϩ i was 6.5 Ϯ 0.8 M; this value is efflux; addition of 1 mM EGTA is unable to reverse inhibition or even prevent an increase of that inhibition as time elapsed. , Na ϩ -containing seawater; OE, Na ϩ -free seawater. B: MgATP does not reverse the H2O2-installed inhibition of the forward Na ϩ /Ca 2ϩ exchange. The figure illustrates an axon initially dialyzed with an ATP-free solution, ϳ5 M Ca 2ϩ , 30 mM Na ϩ , a pH 7.3, and no EGTA. Addition of 3 mM H2O2 causes the expected large inhibition of Ca 2ϩ efflux, whereas addition of 3 mM MgATP was unable to reverse that inhibition. , Na ϩ ϩ Ca 2ϩ -containing seawater; OE, Na ϩ ϩ Ca 2ϩ -free seawater. Ordinates: Ca (1, 12) . Figure 7 shows that, under these conditions, peroxynitrite has no effect on the curves relating the Na (Fig. 7B) . Note that 1) the data points in each figure correspond to two different axons and 2) similar results were observed with H 2 O 2 (not shown).
DISCUSSION
The discovery that nitric oxide rapidly reacts with the superoxide anion to form peroxynitrite (ONOO) has led to extensive studies on this potent oxidant (5) . In vivo, peroxynitrite represents a crucial pathogenic mechanism involved, among others, in stroke, chronic heart failure, reperfusion injury, impairment of muscle contraction due to modification of myofibril proteins, inhibition of calcium ATPases, and neuron cell death (35) . Most of the studies of the effects of peroxynitrite have been performed in in vitro preparations; however, little is known of the effect of this oxidant in an in vivo system under controlled ionic conditions such as the squid giant axon under internal dialysis.
The present work aimed to look at the effects of different oxidants on the squid nerve Na ϩ /Ca 2ϩ exchanger and to identify the sites of the exchanger where these may take place. In this regard, two points must be stressed. 1) The particular species involved are not relevant; the only requirement is that it acts as an oxidant or that it mimics in some way the natural oxidant-protein interactions; i.e., the work does not address the role of any particular compounds, but oxidants in general. In the case of peroxynitrite, although it is likely that it interacts with the exchanger or the metabolic pathway related to MgATP (5, 35), effects mediated by some of the free radicals produced by its decomposition (among them NO 2 · and HO · )
cannot be ruled out (48) .
2) The giant squid axon under intracellular dialysis is a particularly suitable preparation for the purpose of this study since it allows a functional separation of intracellular transport and regulatory sites.
Here we demonstrated for the first time that two physiologically related oxidants, peroxynitrite (buffered with SIN-1), and/or the peroxynitrite-produced free radicals (48) (1, 11, 12) . Also, peroxynitrite inhibition of Na ϩ /Ca 2ϩ exchange activity has been reported in an in vitro preparation of microsomes from smooth muscle pulmonary artery (26) and in that of salt-sensitive hypertensive rats (50) , but the sites of action were not established.
One possible molecular mechanism is cysteine oxidation. If that is the case, the squid loop possesses six cysteines, four of them located in the NCX1 equivalent CBD1 and CBD2 calciumbinding domains (18, 34) . In NCX1, the effects of oxidizing and reducing agents were initially explained as due to a rearrangement of intramolecular disulfide bonds (41, 47) . However, it was later found that Na ϩ /Ca 2ϩ exchange activity persisted in NCX1 mutants with all cysteines deleted (44) . Other possibilities are lipid peroxidation (40) and/or interactions with tyrosine residues leading to the formation of nitrotyrosines (39) . The regulatory loop of the squid loop exchanger has a total of 16 tyrosines, 2 located in the equivalent XIP region of NCX1 (15) and 10 in the NCX1 equivalent CBD1 and CBD2 calcium-binding domains (18, 34) .
The powerful protective effect of EGTA against oxidants seen here raises the possibility that some divalent cation, perhaps a contaminant, is involved in promoting inhibition of the exchanger. At least three of these can be disregarded: Mg 2ϩ can be ruled out since the affinity of EGTA for that cation is exceedingly low. Calculations show that at the temperature, ionic strength, and pH used in these experiments, with 1 mM EGTA and 1 mM MgCl 2 in the absence of any calcium, the free Mg 2ϩ is 0.97 mM; in the presence of 0.98 mM CaCl 2 , with a free Ca 2ϩ of ϳ5 M, the free Mg 2ϩ is 1 mM; i.e., 1 mM EGTA does not change in any significant way the concentration of free Mg 2ϩ . Calcium ions can also be dismissed since their free concentration was the same with and without EGTA in the dialysis solutions. In the case of H 2 O 2 , it could be argued that the Fenton reaction, which requires Fe 2ϩ , is involved (15, 41 , and Ni 2ϩ are also unlikely to play any role because they are also chelated by phenanthroline (25, 41, 42, 46) . Consequently, the protection given by EGTA requires alternative explanations: either there are other participating cation/s with low affinity for phenanthroline and high affinity for EGTA, or perhaps EGTA, by binding to some sites of the exchanger protein, leads to conformational changes that reduce its sensitivity to oxidants. Following this last line of thought, the full protection given by MgATP and intracellular alkalinization suggests that conformational changes of the Ca 2ϩ iregulatory sites induced by metabolism and high pH are such that they prevent the access of the oxidants to their target. On the other hand, once inhibition is installed it is an irreversible process and cannot be modified either by removing the oxidants or by adding EGTA or MgATP.
The information provided here, that the metabolic state of the cell, in this case the levels of MgATP, is crucial to prevent oxidant effects, has significant implications for pathological conditions responding to tissue ischemia-reperfusion and anoxia/reoxygenation, where the ATP concentration in the cells is markedly reduced (14) . To the best of our knowledge, this is the first report of a peroxynitrite-and H 2 O 2 -induced oxidation of an ion transporter under complete controlled intra-and extracellular conditions.
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